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Abstract—Wireless and passive surface acoustic wave (SAW) devices 
with nanoporous sensing layers are attractive gas sensors for 
applications in many fields such as in energy industries and air pollution 
control. Here, we report on enhancing the sensitivity and detection limit of 
SAW device reflective delay line mass sensors by increasing the 
operating frequency for sensitive detection of carbon dioxide (CO2) and 
methane (CH4) at ambient conditions. In particular, we show at least four 
times higher sensitivity of an 860 MHz (4-µm wavelength) SAW reflective 
delay line coated with a 240 nm thick metal-organic frameworks (MOFs) 
compared to the sensitivity of a 430 MHz (8-µm wavelength) otherwise identical sensor device to the targeted gases. 
The detection limits of the higher frequency wireless devices for CO2 and CH4 were estimated to be 0.91 vol-% and 
7.01 vol-%, respectively. The higher sensitivity for higher frequency devices is explained in terms of the frequency 
dependent acoustic wave energy confinement. 
 
Index Terms— Gas Sensors, Nanoporous, Passive, Radio Frequency, Reflective Delay Lines, Sensitivity 
 
 
I.  INTRODUCTION 
IRELESS surface acoustic wave (SAW) devices are 
potential sensors for monitoring environmental trace 
gases amongst other chemicals without the need for a 
dedicated power supply [1-3]. In addition, they offer several 
advantages including high sensitivity, fabrication simplicity, 
cost efficiency, small size [2] as well as longer read range 
compared to other passive wireless devices such as 
semiconductor integrated circuit-based sensors [4]. SAW 
devices in configurations such as resonators, delay lines, and 
reflective delay lines and operating frequency have been 
widely investigated for gas sensing applications [2]. Selective 
and sensitive responses of SAW devices towards a chemical of 
interest are usually achieved by coating a material sensitive to 
the chemical of interest. The sensing layer modifies the wave 
parameters through its mass, conductivity, or elasticity 
changes upon interaction with the chemical of interest thereby 
allowing to quantify the chemical by measuring the wave 
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parameters [5]. For trace gases, mass-based sensing layers are 
promising since the loading of gas species into the sensing 
layers or their removal can be realized by a fully reversible 
physical adsorption without the requirement for elevated 
device temperatures. Recent studies have demonstrated the 
potential for developing fast, sensitive, and reversible trace 
gas sensors by integrating engineered nanoporous sensing 
layers such as metal-organic frameworks (MOFs) and zeolites 
with SAW transducers [3, 6, 7]. Further improvement in the 
sensitivity and detection limit are desirable for monitoring 
gases in many fields such as in natural gas infrastructure, 
combustion processes, commercial buildings, and industrial 
manufacturing processes to name a few.  
The sensitivity of a SAW sensor can be improved by 
optimizing the (i) transducer design/characteristics and (ii) 
sensing layer properties. It is known that the mass sensitivity 
of acoustic devices increases with initial frequency. However, 
most published work has concerned operating frequencies of a 
few hundred MHz or less because there are several challenges 
associated with higher frequency devices including the 
lithographic resolution (SAW velocity in most common 
piezoelectric crystals is < 4000 m/s [2]), high signal loss, and 
increased noise level. Therefore, studies have focused on 
tuning sensing layer properties such as their gas adsorption 
capacity and coupling with the acoustic waves [7]. The most 
recent investigations are moving towards exploring 
nanoporous materials such as MOFs and zeolites as sensing 
layers to improve the sensitivity of the mass-based gas sensors 
for room temperature applications by leveraging their unique 
engineered porosity and physisorption based gas interactions 
[3, 6]. However, achieving ppm-level detection of atmospheric 
gases, especially small nonpolar and quadrupolar molecules 
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like CO2 and CH4, at ambient conditions is challenging due to 
their weak interaction with most sensing materials. In these 
cases, transducer-level optimization such as development of 
higher frequency devices becomes critical. In Rayleigh mode-
based devices, mass sensitivities vary approximately as the 
square of the operating frequency suggesting the potential of 
four times improvement in the sensitivity with a doubling of 
the operating frequency [8-10]. However, increased noise 
level and signal losses may create challenges in achieving the 
expected sensitivity. Some studies have shown that higher 
frequency may even worsen the detection limit in some cases 
such when sensing layers are lossy [11]. Therefore, a thorough 
investigation on the frequency effect to various factors 
including the mass sensitivity, sensing layer characteristics, 
and the noise level becomes important to understand the 
overall performance of these sensors with specific designs and 
sensing layers. Here, we report on the effect of doubling the 
operating frequency of SAW reflective delay line sensors with 
zeolitic imidazolate framework-8 (ZIF-8) MOF layers to the 
sensitivity and detection limit for CO2 and CH4. We also 
present the first successful demonstration of the wireless 
detection of CO2 and CH4 using this type of sensor operating 
at as high as 860 MHz.  
II. THEORY 
First, we performed finite element simulation (COMSOL 
5.4) on 8-µm and 4-µm wide 2D periodic structural cells 
(which correspond to one wavelength, λ) of Y-Z LiNbO3 and 
calculated eigenfrequency to estimate the operating 
frequencies. For this material orientation, a 2D analysis is 
enough as there is no transverse component of displacement. 
Fig. 1(a) and (b) show the total surface deformations of the 
structures at their resonant frequencies which were predicted 
to be 435.76 MHz and 871.53 MHz for 8-µm and 4-µm 
structures, respectively. As expected for Rayleigh SAW 
waves, the figures depict that the waves were confined to the 
vicinity of the surface, down to a couple of wavelengths for 
both structures. Also, the obtained resonant eigen-frequencies 
on either structure are equivalent to the SAW velocity ~ 3486 
m/s, consistent with the reported velocity at the free surface of 
this material [2]. To further validate the 2D analysis, we 
performed a simulation on 8-µm wide 3D cell that gave a 
similar resonant frequency (i.e. 435.77 MHz). 
To estimate the effect of loaded mass on the initial 
frequencies, we added a 200 nm thick ZIF-8 sensing layer on 
both structures and analyzed the eigenfrequencies. In the 
model, we neglected the effect of conductivity and elasticity to 
the wave velocity since ZIF-8 is non-conducting and the 
considered thickness (h = 200 nm) is sufficiently small as 
compared to the wavelength λ (h<<λ) such that inertial lag of 
the film can be neglected [12]. The simulation predicted a 
linear decrease in the resonant frequencies with increase of the 
sensing layer mass density for both structures, as shown in 
Fig. 1(c). The slopes of the linear curves for the 4-µm and 8-
µm structures were 14.62 MHz and 2.62 MHz, respectively, 
per fractional change in mass density. This predicts an 
improvement in the sensitivity by a factor of 5.58 when 
doubling the initial frequency of the SAW transducer. For the 
case of acoustic thin films (h << λ) of non-conducting and stiff 
materials, the decrease in the wave frequency (i.e. velocity) 
due to mass loading has been theoretically approximated to the 
first order as below (Sauerbrey equation), 
A
m
Cff

−= 20                 (1) 
where f is the shift in the resonant frequency f0, C is the 
mass sensitivity coefficient of the piezoelectric substrate (-
5.505×10-8 m2s/kg for Y-Z LiNbO3), A is active area, and ∆m 
is the loaded mass [10]. According to this, doubling the initial 
frequency results to an increase in the mass sensitivity by four 
times which is slightly lower than the FEM estimate even 
though both estimations agree qualitatively. The higher 
sensitivity at higher frequencies is attributed to the interaction 
of a larger fraction of the acoustic energy density with the 
loaded mass because higher frequency results in localization 
of the acoustic wave closer to the surface (Fig. 1(a) and (b)). 
Consequently, at higher frequencies a given mass change 
represents a larger fraction of the material moving, resulting in 
a higher factor of sensitivity increment. 
III. FABRICATION AND CHARACTERIZATION 
Reflective delay line devices were designed with 8-µm and 
4-µm wavelengths consisting of a solid electrode-type 
bidirectional emitting IDT and two IDT-type reflectors at 
opposite sides and fabricated on Y-Z LiNbO3 by depositing 
aluminum electrodes of thickness 120 nm and 106 nm, 
respectively. Table 1 summarizes the design parameters of the 
transducers. SEM images of the representative IDTs of the 8-
µm and 4-µm wavelengths devices are shown in Fig. 2(a) and 
(b), respectively. The red circles in the SEM images show the 
width of the electrodes and spacing between the electrodes at 
the opposite combs. Even though both device configurations 
were designed with identical metallization ratio ƞ = 0.5 (ratio 
of electrode width to the electrode width and spacing), the 
fabricated 4-µm configuration had a slight deviation from the 
original design (ƞ ~0.5 and ~0.7 for 8-µm and 4-µm 
configurations, respectively). This deviation is due to 
resolution issues in the mask development and 
photolithography processes created by reduced featured sizes 
of higher frequency devices. However, the deviation is 
anticipated to minimally affect the operating frequency of the 
device in the present case since the period remained 
unchanged. Such deviations are expected to alter the 
intensities of the generated waves, especially of higher order 
modes [13]. 
Parts of the fabricated devices that included the longer delay 
paths were coated with ZIF-8 layer and the shorter paths were 
TABLE I 
SAW DEVICES DESIGN PARAMETERS 
Parameters Low Frequency Device 
High Frequency 
Device 
Wavelength (λ) 8 m 4 m 
Electrode Width 
and Spacing 
2 m 1 m 
IDT Type/Fingers Solid/50 pairs Solid/50 pairs 
Aperture 100λ 200λ 
Reflectors (Fingers, 
Distance) 
R1 930 pairs, 2.35 mm) 
R2 (50 pairs, 3.05 mm) 
R1 (30 pairs, 2.05 mm) 
R2 (50 pairs, 2.88 mm) 
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used as the reference to compensate the temperature effect. 
Fig. 3(a) shows the optical image of a fabricated SAW device 
with ZIF-8 sensing layer in the longer delay path. As shown, 
the sensing layer covered most of the delay path as well as the 
reflector. Fig. 3(b) is the representative scanning electron 
microscopy (SEM, FEI Quanta 600) image of the surface of 
ZIF-8 layer. SEM image indicate uniform and dense films 
demonstrating a good quality overlayer. Cross-sectional SEM 
image shows that the ZIF-8 film is about ~240 nm thick (Fig. 
3(c)). The films were coated using solution processable dip-
coating method in two cycles. Details of the ZIF-8 sensing 
layer development and characterization can also be found 
elsewhere [3].  
The fabricated 8-µm and 4-µm wavelengths devices were 
characterized using a vector network analyzer (Rohde & 
Schwarz, ZVB4) over wide frequency spans 415– 445 MHz 
(not shown here) and 840 – 875 MHz (Fig. 4(a)), respectively. 
The measured frequency spans were wide enough to capture 
most of the dispersion characteristics. The scans were then 
transformed into the time domain using an inverse Fourier 
transform that resulted the acoustic reflections peaks at t1 = 
1.35 µs and t2 = 1.72 µs for the 8-µm configuration and at t1 = 
1.18 µs and t2 = 1.63 µs for the 4-µm configuration. These 
time delays are consistent with the expected delays for the 
designed delay paths on Y-Z LiNbO3. Fig. 4(b) is the inverse 
fast Fourier transform of the reflection characteristics of a 
representative 4-µm device with and without ZIF-8 sensing 
layer on its longer delay path. The right peak in the dotted-
circle represents the delay and attenuation caused by the 
sensing layer whereas the left peak represents the reflection 
from the reference delay path. The measured delay and 
attenuation of the waves due to the film in the delay path were 
about 0.06 µs and 8.10 dB, respectively. Information about the 
exposed gases to these sensors can be obtained by monitoring 
the delay or the attenuation in real time and correlating with 
the added mass to the film upon exposure. In principle, 
sensors with higher initial frequency and thicker sensing 
layers are expected to possess higher sensitivity in terms of the 
absolute frequency shift as discussed and explained above. 
However, it is important to note that the attenuation and noise 
increase with the frequency and depend on sensing layer 
characteristics including the thickness and roughness. Thicker 
and/or rougher films can potentially weaken the acoustic 
signals through attenuation (due to absorption of larger 
amount of energy) and increase in baseline. This effect 
becomes more severe in higher frequency devices [14]. There 
is always a trade-off between the sensor’s sensitivity and its 
characteristics including the initial frequency and the sensing 
layer thickness and associated roughness. The present study 
focuses on comparing the sensitivity and detection limit of the 
devices with two unique initial frequencies and nominally 
identical sensing layers to understand the experimental 
impacts on the observed sensor performance.  
IV. GAS TESTING 
A. Wired Measurements 
The gas sensing tests were performed in a 100 mL gas 
chamber for a desired mixture (various concentrations of CO2 
or CH4 in N2) flowed at a rate of 100 mL/min. The phase 
associated with the time delay (see Fig. 4(b)) was measured in 
wired or wireless mode using a radar interrogator, the details 
of which can be found elsewhere [15]. In brief, RF pulses at a 
frequency f0(430 MHz for 8-µm devices and 860 MHz for 4-
µm devices) were excited in wired mode or wirelessly, the 
phases of the excited and reflected pulses were recorded via 
I/Q method, and differences were calculated. The measured 
phase delay of the reference delay path was subtracted from 
that of the sensing layer-coated delay path (Δϕ =Δϕ2 – (L2/L1) 
Δϕ1, where L1, L2, are the lengths of uncoated and coated 
paths, respectively) to compensate the temperature effect [16]. 
Fig.5 shows the wired measurement of real time phase 
responses of 8-µm (a) and 4-µm (b) configurations to various 
concentrations of CO2 and CH4 at ambient condition. As 
shown, the phase shifted from its N2 baseline when CO2 or 
CH4 was exposed due to mass loading effect. The phase is 
proportional to the wave velocity so that the fractional change 
in phase delay is equivalent to that of the wave velocity which, 
in this case is due to the mass loading into the film when a test 
gas is adsorbed. The phase shift for CH4 is much lower 
compared to that for CO2 for two reasons - (i) smaller gas 
uptake in the film due to larger kinetic molecular diameter and 
lower polarizability and (ii) smaller molecular weight (closer 
to that of N2). A larger shift was observed for higher 
concentrations due to adsorption of larger amount of gases to 
cause a higher mass loading. Also, the higher frequency (4-µm 
configuration) device had a higher phase shift for a given gas 
concentration. For instance, exposure of pure CO2 caused the 
phases of the 8-µm and 4-µm sensors to be shifted by 1.11 rad 
and 4.58 rad, respectively, from their respective N2 baseline 
phases. A detailed sensing mechanism of a thin ZIF-8 film-
coated SAW reflective delay line sensors for a variety of gases 
and gas concentrations can be found elsewhere [3]. Here, we 
highlight a higher shift observed by the 4-µm configuration 
with identical sensing layer for a given gas concentration. To 
better quantify the sensitivities of the two device 
configurations, we plotted the phase shifts against the gas 
concentrations which showed a linear response to the 
concentrations (Fig.6). The sensor sensitivities estimated as 
the slopes of these linear curves showed that the 4-µm sensor 
was about 4.1 times more sensitive (sensitivity, ƞ = 2.64 
deg/vol-%) than the 8-µm sensor (ƞ = 0.63 deg/vol-%) to CO2. 
Similarly, the CH4 sensitivity of the 8-µmand 4-µm devices 
were obtained to be 0.03 deg (0.0006 rad) /vol-% and 0.14 deg 
(0.0025 rad) /vol-%, respectively, which results to a sensitivity 
enhancement by a factor of 4.2, similar to that obtained for 
CO2. The experimental observations of the sensor sensitivities 
to CO2 and CH4 support the prediction by the FEM simulation 
and Sauerbrey approximation (Eq. 1). It is important to note 
that the difference in the active sensing area of the sensors 
may also potentially alter their sensitivities. However, the 
current configurations have identical aperture that makes the 
ratio of the phase shifts (Δϕr) independent of the active area to 
the first order (∆ϕ/ ϕ=-Cf∆m/A; ϕ=2πfL/v, L is delay length) 
for full coverage of the delay paths. 
An important factor that can limit the performance of the 
higher frequency sensors is the noise level that increases with 
frequency. To estimate the noise levels of the MOF-coated 
sensors, we calculated the root mean squared (RMS) error 
calculated as RMSerror=((Σxi-xavg)2/N)1/2 of the repeated phase 
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measurements recorded for constant flow (30 minutes) of pure 
N2 and smoothed (using FFT filter in OriginLab 2019) data. 
The RMS noises for the 8-µmand 4-µm devices were obtained 
to be 0.0033 and 0.0058 rad, respectively. Using these noises 
and the sensitivity extracted as the slopes of the curves in Fig. 
6, we estimated the sensors’ detection levels (defined as the 
ratio of three times the noise level in N2 background to the 
sensor sensitivity) for the gases [17]. The CO2 detection limits 
for the 8-µmand 4-µm sensors were estimated to be 0.91 vol-
% and 0.38 vol-%, respectively. Similarly, the CH4 detection 
limits for the 8-µm and 4-µm sensors were estimated to be 
16.60 vol-% and 7.01 vol-%, respectively.  
B. Wireless Measurements 
To demonstrate the wireless operation of the fabricated 4-
µm SAW reflective delay line sensors, we interrogated the 
sensors wirelessly using custom-fabricated half-wave dipole 
antennas resonating at 860 MHz. The antennas were fabricated 
using a 24AWG copper wire with PVC jacket and 
characterized using R&S ZVB4 VNA. Fig. 7(a) and (b) show 
the wirelessly measured real time sensor responses to various 
concentrations of CO2 and CH4, respectively. The wireless 
measurements for the gases were consistent with the wired 
measurements (see Fig. 5(b) and Fig 7(a) for CO2). Fig 7(b) 
shows that the ability of the sensor to detect as low as 10 v/v% 
methane. All measurements were performed using 10 dBm RF 
power and wireless measurements were done with antennas 
separated by 5 cm. The detection range of SAW wireless 
sensors depends on several factors including the RF 
frequency, radiation power, antenna gains, insertion losses, 
and atmospheric conditions and is a topic for future 
investigation for the case of the current sensor devices. Present 
observations are of high importance in continued development 
of sensitive wireless and passive CO2 and CH4 sensors for use 
in energy infrastructure monitoring applications. 
 
V. CONCLUSION 
We investigated the effect of operating frequency on the 
sensing response of a mass-based SAW sensor coated with ZIF-
8 MOF to CO2 and CH4 gases at ambient condition. Our 
simulation and experimental results on the sensors showed that 
doubling the initial center frequency can improve the sensitivity 
four times as approximated by Sauerbrey equation. We also 
successfully demonstrated the wireless detection and monitoring 
of the gases using 4-µm (860 MHz) sensor of this kind the first 
time. These results are promising towards developing wireless 
and passive gas sensors for a range of applications including 
natural gas leak detection, carbon capture and sequestration, 
other fossil fuel industries, and in large buildings. 
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Figure Captions: 
Fig. 1. Simulated eigenmodes for 200 nm thick ZIF-8 on (a) 8-
µm and (b) 4-µm wide Y-Z LiNbO3 structures. (c) Effect of 
the change in mass density of the film to the resonant 
frequencies of the structures. 
Fig. 2 SEM images emitting IDTs of 8-µm (a) and 4-µm (b) 
wavelength device configurations. 
Fig. 3. (a) Optical image of a fabricated SAW reflective delay 
line device with ZIF-8 sensing layer, (b) plan-view and (c) 
cross-sectional SEM images of the ZIF-8 film on a device, 
exhibiting an average thickness of ~240 nm. 
Fig. 4. (a) Frequency characteristics of an as fabricated 4-µm 
wavelength SAW device and (b) inverse fast Fourier 
transformed date of 4-µm wavelength SAW device with and 
without ZIF-8 sensing layer. 
Fig. 5. Real time phase responses of 240 nm thick ZIF-8 
coated SAW devices with operating frequency (a) 430 MHz 
and (b) 860 MHz to various concentrations of CO2 and CH4. 
Fig. 6 Measured phase shifts (dots) of 8-µm and 4-µm 
configurations SAW sensors and their linear fits (lines) for 
various concentrations of CO2. 
Fig. 7. Real time phase response of an 860 MHz SAW with 
240 nm thick ZIF-8 sensing layer to CO2 and CH4 in wireless 
mode. 
 
Table Caption 
Table 1. SAW devices design parameters. 
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